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Abstract
Kindergarten Grdelin in the city of Buzet, Istria, Croatia, was chosen to undergo a deep retrofit of the current thermo-
technical system, as a part of the HORIZON 2020 HAPPEN project1. The existing shallow spiral heat exchanger field is 
insufficient to cover heating loads of the building. Therefore, additional BHEs were drilled and completed to determine 
optimal borehole heat exchanger type within the same geological environment. Four BHEs, either single U (1U) or double 
U (2U), with different geometrical setting and depth were tested: BHE-1 (50 m, 2U DN32 ribbed), BHE-2 (75 m, 2U DN40 
ribbed), BHE-3 (100 m, 2U DN32 smooth) and BHE-4 (150 m, 1U DN45 ribbed). A thermal response test (TRT) was per-
formed to obtain the ground thermal properties. Furthermore, synthetic TRT curves were calculated to describe tem-
perature response in the case of different heat pulses. This was done to determine heat extraction rates and the capacity 
of each BHE type, according to EN14511 norm. It was established that the BHE-4 is the optimal design for heating and 
cooling purposes on the selected site due to positive impact of the geothermal gradient, higher initial borehole tempera-
ture and a positive effect of the ribbed inner wall.
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1  This paper  reflects only  the view of  the  authors  and  the Commission  






the  use  of  renewable  energy  sources  (Directive (EU) 
2018/2001).  By  2018,  the  estimated  total  heating  and 
cooling installed capacity of shallow geothermal sources 
with closed geoexchange in the Republic of Croatia was 
4.5 MWt (Macenić et al., 2018). The overall length of 
all installed borehole heat exchangers (BHE) is at least 
55  km  at  the  end  of  2020.  Additionally,  the  use  of 
groundwater in open type heat pump systems is current-






building (Ozgener et al., 2007; Li et al., 2014). The de-
sign of the borehole heat exchanger has a significant in-
fluence  on  the  efficiency  of  the  GSHP  (Fang et al., 
2017). When it comes to BHEs design,  there are  three 
main types: single U (1U), double U (2U) and coaxial. 






vour  of  the  ribbed  pipe. The  analysis  showed  that  the 
temperature response is more favourable during the re-
covery period in the case of the ribbed pipe, resulting in 
better heat extraction/rejection. Fang et al. (2017) stud-
ied the influence of different 1U and 2U designs on the 
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conductivity was also varied  in order  to determine  the 
influence of different geological settings. The main find-





heat  transfer  is  taking  place.  Furthermore,  favourable 
thermal  conductivity  of  the  soil  will  lead  to  shorter 
BHEs,  as  well  as  a  larger  borehole  and  pipe  spacing. 
With  an  increase  in  the  borehole  spacing,  the  thermal 
interference between boreholes  is minimized  (Fang et 
al., 2017; Kurevija et al., 2012). From an economical 
point of view, the U design is also advantageous, except 
























pipes. Kurevija et al. (2019)  compared  the  results  of 
thermal  response  test  performed  on  2U DN32  smooth 
pipe, 2U DN32 ribbed pipe and 1U DN45 ribbed pipe, 











oval  shaped  cross-section  pipes  (Serageldin et al., 
2020) or elliptical (Jahanbin, 2020).











tial built  stock, by  tackling major bottlenecks,  such as 
the fragmentation of the supply chain, the lack of trans-
parency  and  of  the  perceived  reliability  of  the  inter-
ventions, of adequate financial support mechanisms, of 
integration  among  the  relevant  aspects  connected  to 
 retrofitting,  the  low  return  on  investments,  or  the  lack  
of a retrofit approach clearly tailored for the Mediterra-






















tem  is based on high  temperature  radiators  in a  low  to 
mid temperature regime (30°C – 45°C, depending on ex-













Upscaling  of  the  primary  geothermal  circuit  was 
completed  in  2019.  In  order  to  determine  the  optimal 
borehole heat exchanger characteristics for the cooling 
system in a Mediterranean climate and local geological 
conditions,  test  boreholes  had  different  characteristic 
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(depth,  pipe  diameter  and  surface  characteristics).  On 
the basis of data acquired via the Thermal Response Test 
(TRT), an optimal borehole heat exchanger was chosen, 
and  it  represents  the basis  for  the geothermal heat  ex-
changer field,  installed by  the  city  of Buzet. The  total 
output power of the geothermal field is 45 kWt and it is 
within  the  required  parameters  (the  building  require-
ments peak at around 60 kWt). With  the coefficient of 







show which geoexchange  system design has  the  com-
parative  thermodynamic  advantage  to  be  implemented 
in  larger  scale  projects  on  the  Istrian  peninsula  in  the 
future. The research geoexchange borehole field, as part 




out  by  the  Thermal  Response  Test  apparatus  during 
March/April of 2019.
2.  Mathematical models related  
to the study
The thermal response test (TRT) is a common method 
used  to  determine  soil  and  rock  thermal  properties,  in 
relatively  shallow  surroundings. The TRT  is  based  on 
observing temperature response of the circulating fluid, 
as a function of time and constant load rejection into the 
ground. The method  itself  is  analogue  to  the flow  test 
used in well testing – a common procedure in petroleum 
engineering to determine the productivity of a reservoir. 




















for  the  paper. Both  line  source models  assume  that  the 

























The term   is  the  variable  of  the  exponential 
integral. Equation 2 mathematically describes the ideal 
thermal  response of  the BHE during TRT, with a con-
stant  heat  load,  as  a  function  of  exponential  integral 











The  standard procedure  to  determine  effective  ther-
mal  conductivity,  as  part  of  the  thermal  response  test 
analysis, is carried out by plotting temperature and time 
in semi-logarithm diagram. The dependence of the slope 









has  to  account  for  near-borehole  formation  damage, 
which is defined as the borehole thermal resistance. In 
petroleum engineering, this parameter is called the skin 
factor  and  it  describes  the  formation  damage  due  to 
which there is resistance to the fluid flow into the well. 
In  thermogeology,  the  borehole  thermal  resistance  is 
equivalent to the term skin factor. It describes the ther-
mal  resistance  to  the  heat  flow  from  the  surrounding 
ground  toward  the  circulating  fluid  in  the  BHE.  The 
grout mixture, used  to fill  the space between the pipes 
and the borehole wall, can cause thermal resistance since 
grouts  usually have  lower  thermal  conductivity values 
when compared to the surrounding rock. In order to re-
duce the skin effect, enhanced thermal grout can be used 











   –  equivalent  borehole  thermal  resistance,  (°C 
m/W).
The  average working fluid  temperature  in  the bore-
hole heat exchanger, when skin is included, is then ex-








perature  and  temperature  at  the  end  of  the 
power step, (°C),














steady  state,  can  cause  an  up  to  20%  error. Using  the 
authors’ novel derivation curve (Kurevija et al., 2018a) 
is a more precise method, and it is also often used in well 
testing in petroleum engineering. The method consists of 
observing  the  increase  of  the  temperature,  in  constant 
time step as a function of time duration of the test, where 
y  represents borehole fluid  temperature and x  the TRT 









change  is  0.25  °C/10  min,  or  less  (Kurevija et al., 
2018a).
2.2. Finite line source - FLS
The  finite  line  source  (FLS)  model  takes  the  real 
length of the borehole heat exchanger into account, un-




tions, Cleasseon and Eskilson (1987) provided a solu-




























,  to  its  respective  time  span.  In  calculations  of  tem-
perature response in case of variable heat loads, super-
imposing is applied. In the case of several different heat 
loads,  each heat  load  is  superimposed on  the previous 
one, with the first heat load being applied to the entire 
time interval,   (Chiasson, 2016; Eskilson, 1987). 
The next heat load is superimposed on the previous one, 
, and so on. In the case of three different heat 

















three  to  four  times, with  the  recommendation  that  the 
highest  heat  load  is  two  times  higher  than  the  lowest 
one. When analysing  the data obtained with  the TRST 
empirical  method,  which  takes  into  account  different 
heat pulses, linear approximation can be applied for each 
heat load when steady-state is achieved. Figure 1 shows 
the  principle  of  conducting  the  thermal  response  step 
test. Kurevija et al.  (2019) showed  that  the measured 




with  lower heat power pulses,  thus describing  thermal 
response with synthetic curves.
Figure 1: The principle of the thermal response step test, 
with different heat loads and respective temperature 
response
Sometimes, in the case of higher heat load, it would 
take  a  long  time  to  achieve  steady-state  heat  transfer. 
Therefore, more commonly pseudo-steady state point is 















3. Experimental Site Setting






the  north  parts  (between  Momjan  and  Buzet,  and  be-
tween Buje and Oprtlje), in the central area (Pazin Basin) 
and  in  the southeast  (area of Plomin and Labin basins) 
parts of the county. Lithologically, this unit is comprised 





flysch  sediments,  such  as  rhythmic  interbedding  of 
gravely-sandy-silty sediments, pronounced grain grada-
tion, sharp contact of sandstone and marl sediments and 










drilling  process,  there  were  no  obtained  core  samples. 
However, on all the boreholes, drill bits were monitored 
and  collected.  The  entire  drilling  column  consisted  of 
gray, low-saturated marl.
3.2. Borehole heat exchanger setting
Thermal conductivity and heat extraction rate of ver-
tical borehole heat exchangers were determined for heat-
ing  and  cooling  purposes  of  Kindergarten  Grdelin  in 




pipe configuration  (smooth or  ribbed  inner wall). This 
was done in order to test the influence of geothermal gra-
dient and thermal conductivity on heat extraction rates 
of  each  of  the  usually  used  pipe  configuration,  in  the 
same  geological  environment.  Pipes with  ribbed  inner 
walls generally show better heat extraction results when 
compared to pipes with smooth inner walls (Bouhacina 
et al., 2015; Acuña, 2010). A pipe with a ribbed inner 
wall provides better turbulent fluid flow, which in effect 
decreases thermal borehole resistance, and in turn, better 
heat  transfer  between  the  ground  and  BHE  pipes  is 
achieved. On the other hand, for larger diameter of pipes 
(like DN45), thermal resistance can be somewhat higher 
since  the  thickness of  the plastic wall  is  larger  than  in 
smaller pipes (like DN32). Additionally, hydraulic prop-
erties,  i.e.  pressure  drop,  can  also  be  of  significance 
when deciding on the pipe type (Kurevija and Strpić, 
2018).  For  example,  in  the  case  of  classic  2U  DN32 
pipe, pressure drop is higher than in the case of 1U DN45 
pipe,  for  the  same  fluid  flow  conditions,  effectively 
meaning  that  DN45  ribbed  pipe  has  better  hydraulic 
properties than classic 2U DN32 pipes (Kurevija et al., 
Figure 2: Detailed geological setting and experimental site location  
(The Geological Survey of Slovenia, 1969). Legend for geology map: al – alluvial 
deposits; 2E2 – marls with scares layers of sandstone; 
3E2 – marls, sandstone, 
breccia, nummulitic breccia and limestone alterations; K2
1,2 – limestone  
with layers of dolomite; Pc,E – nummulitic limestone








that  the  fluid  flow will  fall  into  laminar  flow  regime, 










terference (Kurevija et al., 2012) between them and the 
new borehole field is arranged as 4x1. Figure 3 shows 




















Figure 3: left) Experimental test site – drilling operations; right) Thermal response test equipment 
during testing
Table 1: Tested borehole heat exchanger properties
Heat exchanger type Inner wall type Borehole depth, m Pipe diameter, mm
BHE-1 2U DN32 50m 2U ribbed, 5mm spacing 50 32
BHE-2 2U DN40 75m 2U ribbed, 5mm spacing 75 40
BHE-3 2U DN32 100m 2U smooth 100 32
BHE-4 1U DN45 150m 1U ribbed, 5mm spacing 150 45
Figure 4: Schematics of the tested borehole heat exchangers 
on the location and cross-section of the installed pipes with 
TurbocollectorTM pipe interior
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response  test  in  situ  is  defined  by  the  International 
Ground  Source  Heat  Pump  Association  (IGSHPA), 
where the duration of the TRT is set to at least 48 hours, 
because  of  common  issues  of  variable  voltage  of  the 
public  power  grid  and  temperature  amplitudes  due  to 
outer temperature variations (day-night).
4. Results
Before  turning  on  the  electrical  heaters,  the  initial 
borehole temperature was recorded for 20 min by circu-
lating fluid through the BHE, using the TRT apparatus, 
in order to obtain the undisturbed ground temperature 
(static  conditions)  (Kurevija and Vulin, 2010). After 
that, the heaters were turned on and the temperature of 






















Standard deviation  
of heat power, W/m
BHE-12U DN32 50m ribbed 14.5 2.523 50.5 0.52
BHE-2 2U DN40 75m ribbed 14.4 4.734 63.1 0.56
BHE-3 2U DN32 100m smooth 14.6 4.730 47.3 0.45
BHE-4 1U DN45 150m ribbed 15.5 5.985 39.9 0.40
Figure 5: Recorded average circulating fluid temperatures 
and heat rejection for four tested BHE
Figure 6: Determination of semi-steady heat flow period 
using the derivation curve method
Figure 7: Determination of ground heat conductivity  
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after  a  period  of  15  hours.  This  suggests  a  transition 
from  unsteady  state  heat  transfer  to  semi-steady  state 
heat transfer, for all four exchangers. Data below the 15th 
hour is disregarded and only data from the 15th  to 72nd 
hour  is plotted and used  to determine  the  slope of  the 
line,  established  as  a  straight-line  portion  between  the 
average borehole temperature and the natural logarithm 
of time. Equation 4 is then used as a standard method of 
determining  the  effective  ground  thermal  conductivity 






practical  field  testing,  for  example  48  hr.  This  always 
leads to a certain degree of analysis error since the final 
duration of the test is arbitrarily chosen by the TRT opera-
Figure 8: Variable transitory results of thermal conductivity from TRT for the period between 18-72 hours  
with falling relative standard error over time
Figure 9: Recorded data and synthetic data fitted with finite line source (FLS) method (use of g-function) for four different 
pipe types: (a) 2U-pipe DN32 Ribbed; (b) 2U-pipe DN40 Ribbed; (c) 2U-pipe DN32 Smooth; (d) 1U-pipe DN45 Ribbed. 
Legend: EST – entering source temperature, LST – leaving source temperature; TRT – thermal response test
a) b)
c) d)























ditional  24  and  48  hours  respectively.  Stabilization 
points of  temperature change as a function of  time are 
observed for each of the BHE. By obtaining thermogeo-







mal  Response  Step  Test  with  stabilization  values  for 
each  step  as  a  function  of  heat  rejection  or  extraction 
rate. Three steady-state points are extracted from Figure 
8 for each of the BHE, for both the cooling and heating 
cycle,  including  initial  conditions  (the  4th point) and 
used to obtain heat extraction rates.









Step Heat flow regime hr W/m EST °C EST °C kWh
1a unsteady 72.0 50.5 27.3 1.7 181.8
1 semi-steady state 240.0 50.5 29.6 -0.6 -
2 steady state 24.0 37.8 25.7 3.3 0.0
3 steady state 48.0 25.2 22.7 6.3 0.0
4 initial conditions 0 0.0 14.5 14.5 0.0
BHE-2 2U DN40 75m





Step Heat flow regime hr W/m EST °C EST °C kWh
1a unsteady 72.0 63.1 28.7 0.1 340.9
1 semi-steady state 240.0 63.1 31.8 -3.0 -
2 steady state 24.0 47.3 27.0 1.8 0.0
3 steady state 48.0 31.6 23.7 5.1 0.0
4 initial conditions 0 0.0 14.4 14.4 0.0
BHE-3 2U DN32 100m 





Step Heat flow regime hr W/m EST °C EST °C kWh
1a unsteady 68.8 47.3 26.9 2.1 325.6
1 semi-steady state 240.0 47.3 29.5 -0.3 -
2 steady state 23.7 35.5 25.2 4.0 0.0
3 steady state 32.7 23.7 22.4 6.8 0.0
4 initial conditions 0 0.0 14.6 14.6 0.0
BHE-4 1U DN45 150m





Step Heat flow regime hr W/m EST °C EST °C kWh
1a unsteady 93.1 39.9 25.9 5.0 557.1
1 semi-steady state 240.0 39.9 27.4 3.6 -
2 steady state 24.0 29.9 24.3 6.7 0.0
3 steady state 48.0 19.9 21.6 9.4 0.0
4 initial conditions 0 0.0 15.5 15.5 0.0
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Figure 10  shows  the analysis of equivalent borehole 
resistance when semi-steady state heat flow occurs  (be-
tween  the 15th  and 72nd  hour). The calculation was per-
formed  following  Gehlin’s  expression  (Gehlin, 2002). 






Despite  the  thicker pipe wall  in  the case of  the BHE-1, 
BHE-2 and BHE-4, the ribbed inside wall provides an en-
hanced  turbulent  fluid  flow  regime,  thus  increasing  the 
heat transfer flow between the fluid and the plastic pipe 
wall, effectively reducing borehole thermal resistance.







Initial temperature drop due to 
borehole resistances, ΔTskin, °C
BHE-1 2U DN32 50m ribbed 2.06 0.097 1.24 4.9
BHE-2 2U DN40 75m ribbed 2.00 0.070 0.88 4.4
BHE-3 2U DN32 100m smooth 1.93 0.110 1.33 5.2
BHE-4 1U DN45 150m ribbed 2.08 0.120 1.57 4.8
Figure 10: Equivalent transitory borehole thermal 
resistances determined by thermal response for four BHE 
configurations
Figure 11: Determination of the rejection and extraction heat  
for four different pipe configurations




data  for  each  of  the  tested  borehole  heat  exchanger  is 
presented by the following Table 4.
By taking the value of the steady state temperature in 
each of  the  steps  as  separate points,  the heat  rejection 
and  extraction diagram  is  constructed  as  a  function of 
the  needed  entering  source  temperature  (EST)  to  the 
heat pump. The steady state temperatures at each point 














heat  extraction  rate  for  the analysed borehole heat  ex-
changer.
Figure 11  shows  that  each  initial  (undisturbed) 
ground temperature is different, due to the influence of 
the geothermal gradient (Kurevija et al., 2014), which, 
for this location, is around 0.023°C/m (Macenić et al., 
2020). Deeper boreholes have a more favourable aver-
age  temperature and commonly higher extraction rates 
due  to  larger  ∆T  when  compared  to  the  set  technical 
minimal entering source temperature to the heat pump, 
in peak conditions (specifically 0°C). The fluid tempera-


























of  the  geothermal  gradient  and  higher  initial  borehole 
temperature,  it  is concluded that  the 150 m deep bore-
hole heat exchanger (1U DN45 with a ribbed inner wall) 
is  the  optimal  choice  for  utilizing  geothermal  energy. 
The BHE-4  design was  applied  to  an  additional  three 
boreholes drilled somewhat later. The total borehole heat 
exchanger  length  was  then  900  m,  available  to  cover 
heating  loads  of Kindergarten Grdelin. The BHEs  are 
yet to be integrated into the existing termo-technical sys-
tem of the kindergarten.
5. Discussion and Conclusion
The objective of the HORIZON 2020 HAPPEN pro-
ject is to demonstrate the possibilities for retrofitting en-














Table 5: Heat extraction rates from four BHEs from relations given in Figure 11
BHE-1 2U DN32 Ribbed, 
50 m
BHE-2 2U DN40 
Ribbed, 75 m
BHE-3 2U DN32 
Smooth, 100 m
BHE-4 1U DN45 
Ribbed, 150 m
Extraction capacity, according to 
EN14511 (at 0/-3°C), W/m 48.1 52.3 46.7 51.9
Extraction capacity, per borehole, kW 2.40 3.92 4.68 7.79
Extraction capacity, peak conditions  
(at -4/-7°C), W/m 60.3 66.6 58.3 64.3
Extraction capacity, peak conditions
(at -4/-7°C), per borehole, kW 3.02 5.0 5.83 9.65
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(smooth or  ribbed  inner wall  of  the pipe  and different 
diameters). Using the thermal response test, ground ther-
mal  properties  were  obtained  for  each  of  the  tested 
BHEs.  Eskilson’s  g-function  calculations  were  per-
formed in order to simulate the step TRT, thus obtaining 
data  needed  to  determine  extraction  rates  of  different 
BHEs on the test site. The testing showed that the opti-




drill  and  complete  three  additional  BHEs  at  the  site, 
however the shallow geothermal system is yet to be con-
nected  to  the  existing  thermo-technical  system.  Pipes 
with  a  ribbed  inner  wall  show  overall  merit  over  the 
classic smooth inner wall, due to maintaining the turbu-
lent fluid flow even at  lower fluid flow rate and  lower 
pressure drop. Extraction  rates were calculated  for  the 
tested  BHEs,  and  overall  extraction  capacity  (375 m) 
was determined at 18.8 kWt, with a maximum at 23.5 





borehole  thermal  resistance, where  the obtained  tested 
values are strongly related to the onsite work quality by 
the  drilling  company.  The  quality  of  the  cementation 
procedure, proper insertion of heat exchanger and use of 
centralizers could  lead  to  significantly  lower values of 
thermal  skin,  as  the  effects  of  inlet/outlet  short  circuit 




be  focused on determining  the  rate of  influence of  the 
geothermal  gradient  with  increasing  drilling  depths. 
With market available heat exchangers up to 300 m in 
length (like DN45 SDR11 PN16) already in place, heat 


























Ti–Tp  –  temperature  difference  between  initial  tem-
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Određivanje prinosa bušotinskih izmjenjivača različitih geometrijskih karakteristika 
u istome geološkom okruženju – Rezultati pilot-projekta HAPPEN – HORIZON 2020
Zgrada dječjega vrtića Grdelin, smještena u gradu Buzetu, Istarska županija, odabrana je unutar HORIZON 2020 HAP-
PEN projekta za obnovu i dopunu termotehničkoga sustava grijanja i hlađenja. Postojeći sustav bušotinskih izmjenjivača 
nije dovoljan da pokrije potrebe za toplinskom energijom te je zaključeno da je potrebna izrada dodatnih bušotinskih 
izmjenjivača topline. Da bi se odredio optimalan tip bušotinskoga izmjenjivača u istome geološkom okruženju, izrađene 
su 4 bušotine različitih dubina te su opremljene bušotinskim izmjenjivačima različitih geometrijskih karakteristika: 
BHE-1 (50 m, 2U DN32 žljebasta), BHE-2 (75 m, 2U DN40 žljebasta), BHE-3 (100 m, 2U DN32 glatka) i BHE-4 (150 m, 1U 
DN45 žljebasta). Test toplinskoga odaziva (TRT) izveden je na svim četirima bušotinama te su određena toplinska svoj-
stva tla. Nadalje, simulacijom toplinskoga step-testa dobiveni su temperaturni odazivi pomoću kojih su određeni prino-
si za pojedini bušotinski izmjenjivač. Zaključeno je da je BHE-4 izmjenjivač (150 m, 1U DN45 žljebasta), s obzirom na 
pozitivan utjecaj geotermalnoga gradijenta, više početne, statičke, temperature tla i pozitivnoga utjecaja žljebaste cijevi, 
onaj koji se pokazao kao optimalan izbor na lokaciji. Prinos svih testiranih bušotinskih izmjenjivača prema normi 
EN14511 i ulaznoj temperaturi 0 °C iznosi 18,8 kWt te 23,5 kWt pri vršnim uvjetima.
Ključne riječi:
bušotinski izmjenjivači topline, geološko okruženje, geotermalni gradijent, određivanje toplinskoga prinosa
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